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Abstract 

The crystal structure of N,N′-bis(tert-butoxycarbonyl)-5,10-dihydrophenazine, a valuable 
synthetic precursor for phenazine chemistry, and the ;rst example of a carbamate derivative of 
dihydrophenazine, was determined (triclinic space group P1̅ with Z = 2). The 5,10-
dihydrophenazine core adopts a boat, i.e. cis-conformation core, while bulky tert-butyl groups 
hindering tight packing. Hirshfeld surface analysis shows two groups of interactions, the 
numerically minor, but relatively stronger CH···O (11.5%) and CH···C (19.7%), which are relatively 
isolated in comparison to weak H···H  (65.7%) vdW interactions. Under these constraints, the 
concave molecules self-assemble in pairs, with one stronger slip-stacked π···π interaction and 
two weaker, symmetry-equivalent edge-to-face C-H···π interactions acting cooperatively. 
Periodic density functional theory (DFT; PBE-D3(BJ), validated against four X23 reference crystals) 
gives 130.7 kJ mol-1 lattice energy, dominated by dispersion. The symmetry-adapted perturbation 
theory (SAPT) analysis of the symmetry-independent molecular pairs allows direct structural 
rationalization for the given molecular conformation: four relatively strong pairs were found, the 
second strongest being the π···π slip stacked pair, whose computed distance closely matches the 
crystallographic value, although the underlying slip angle diIers somewhat. Weaker pairwise 
interactions, mainly H···H contacts of the tert-butyl groups, contribute little to the lattice energy, 
isolating the concurrence of the stronger CH···O and CH···C interactions. The SAPT 
decomposition demonstrates a good structural predictability for weakly interacting dimeric 
aggregates of dihydrophenazines, while the demonstrated Boc-substituted example represents a 
general rational approach towards supramolecular dimers for ;ne-tuning of physico-optical 
properties.  
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1. Introduction 

Phenazine derivatives (Fig. 1) constitute an important class of nitrogen-containing fused aromatic 
heterocycles with diverse biological, electronic, and physicochemical properties[1–3]. Naturally 
occurring phenazines exhibit antibacterial, antifungal, antiparasitic, and antitumor activities[1,4], 
while synthetic derivatives have found applications in medicinal chemistry, catalysis, functional 
materials, and, more recently, as redox-active components in organic energy-storage devices[5–7]. 

 



Fig. 1 General structure of N,N′-disubstituted dihydrophenazine (R₁, R₂ = variable substituents). 

Functionalization at the phenazine nitrogen atoms enables precise modulation of steric and 
electronic characteristics. Structural characterization of such compounds provides a solid basis 
for the targeted design of functional materials and oIers benchmarks against which quantum-
mechanical calculations can be properly validated. 

This contribution focuses on N,N′-bis(tert-butoxycarbonyl)-5,10-dihydrophenazine, 1, a 
synthetically relevant Boc-protected dihydrophenazine precursor. N-substitution is the central 
functionalization strategy for phenazines[2]. Compound 1 allows the introduction of multiple 
amine functionalities via halogenation and Buchwald–Hartwig amination, a strategy relevant to 
generating electron-rich core phenazines with enhanced luminescent properties. 

A search of the Cambridge Structural Database (CSD)[8] revealed ~500 entries containing the 
5,10-dihydrophenazine scaIold, yet no carbamates, i.e. R2NC(O)OR are reported. The closest 
analogues, the N-acyl derivatives of 5,10-dihydrophenazines, are also practically unreported, 
with the sole representative being the 1,1′-(phenazine-5,10-diyl)bis(heptan-1-one),[9] In the latter 
case, the rationalization of the structure is of secondary interest due to long, Pexible alkyl chains, 
while the more compact, but sterically bulky Boc groups provides a model of limited 
“supramolecular isolation” disallowing very dense packing.  

In this contribution we report the crystal structure of N,N′-bis(tert-butoxycarbonyl)-5,10-
dihydrophenazine, 1, the analysis of its crystal-packing and its rationalization, including QM-
calculations. 

2. Methods 

2.1 Single-Crystal X-ray Di2raction 

Single-crystal X-ray diIraction data were collected at 150 K on a Rigaku XtaLAB Synergy DualPex 
diIractometer equipped with a HyPix detector using Cu Kα radiation (λ = 1.54184 Å). Data 
reduction, scaling, and empirical absorption correction were performed with CrysAlis PRO 
1.171.43.143a (Rigaku Oxford DiIraction, 2024) using a multi-scan correction based on spherical 
harmonics implemented in the SCALE3 ABSPACK algorithm. 

The structure was solved by intrinsic phasing using SHELXT and re;ned by full-matrix least-
squares re;nement on F² using SHELXL-2019/3 within the Olex2 environment (version 1.5). 
Hydrogen atoms were positioned geometrically and re;ned using a riding model with constrained 
parameters. Crystal data, data collection parameters, and re;nement details are summarized in 
Table 1. The crystallographic data have been deposited with the Cambridge Crystallographic Data 
Centre (CCDC 2571096). 

Crystal packing was analyzed using DIAMOND (version 5.0.2, Build 47). Hirshfeld surfaces 
mapped over d-norm and the corresponding two-dimensional ;ngerprint plots were generated 
with CrystalExplorer 21.5. Simulated powder X-ray diIraction (PXRD) patterns were generated 
using Mercury 2026.1.1. 

2.2 Computational Methodology 

Periodic density functional theory (DFT) calculations were performed with Quantum ESPRESSO 
6.6[10,11] using the PBE exchange-correlation functional together with Grimme's DFT-D3(BJ)[12,13] 
dispersion correction as the primary treatment of dispersion interactions. The non-local rVV10 
functional was additionally employed as an independent, non-empirical cross-check[14]. SSSP 



1.1.2 (PBE) pseudopotentials were used throughout with plane-wave cutoIs of 60 and 480 Ry for 
the wavefunctions and charge density, respectively. 

Geometry optimizations targeted a force-convergence threshold of 1 × 10⁻⁴ Ry Bohr⁻¹, which is 
stricter than the default Quantum ESPRESSO criterion (1 × 10⁻³ Ry Bohr⁻¹) commonly applied in 
molecular-crystal calculations[15] and consistent with the tighter convergence criteria adopted for 
van der Waals crystal-structure predictions[16]. This criterion was achieved for all structures. 

To assess the sensitivity of the dispersion treatment, single-point DFT-D4(BJ)[17] calculations were 
performed for the X23 reference compounds using the standalone dftd4 program on the D3(BJ)-
optimized geometries. The molecular dipole moment of the isolated molecule was additionally 
calculated with Psi4[18] at the B3LYP/def2-SVP[19] level. MBIS charges were computed with Psi4 
(PBE/def2-TZVP). Claude (Anthropic) was used to assist with the software coding of the analysis 
scripts. 

2.3 Electronic Structure and Excited States 

Ground-state Kohn-Sham orbitals and vertical singlet excitation energies were calculated with 
Psi4 at the B3LYP/def2-TZVP level using the PBE-D3(BJ)-optimized isolated-molecule geometry 
(Section 2.2). The six lowest singlet excited states were computed within the Tamm-DancoI 
approximation (TDA-TD-DFT). Canonical frontier orbitals were generated as cube ;les (three-
dimensional grids of the orbital amplitude) and visualized with VMD (version 2.0.0a7)[20] to analyze 
the spatial character of the dominant electronic transition. State 4 is dominated by few 
amplitudes, so canonical Kohn-Sham orbitals describe its particle hole character reliably as is 
established practice[21]. Local and charge-transfer contributions were assessed from the spatial 
distributions of the frontier orbitals following standard criteria[22]. 

3. Molecular Structure  

The molecular structure of N,N′-bis(tert-butoxycarbonyl)-5,10-dihydrophenazine (Fig. 2), 
synthesized according to the method reported in the Literature[23], shows a distinctly non-planar 
5,10-dihydrophenazine core.  The crystal structure crystallizes in space group P1̅ with Z = 2. 

 

 

 

 

 

 

 

 

Fig. 2 Molecular structure of N,N′-bis(tert-butoxycarbonyl)-5,10-dihydrophenazine with ellipsoids drawn at 
the 50% probability level. Hydrogen atoms are omitted for clarity. 

Table 1 Structure details (CCDC 2571096) 

Crystal data  

Chemical formula C22H26N2O4 

Mr  382.45 



Crystal system, space group Triclinic, P1̅ 

Temperature (K) 150 

a, b, c (Å) 10.8735 (2), 10.9484 (2), 11.5251 (1) 
α, β, γ (°) 100.388 (1), 104.172 (1), 118.999 (2) 
V (Å3) 1088.77 (4) 

Z 2 

µ (mm−1) 0.65 

Crystal size (mm) 0.26 × 0.15 × 0.14 

Tmin, Tmax 0.481, 1.000 

No. of measured, independent and 
observed [I ≥ 2σ(I)] rePections 

37829, 4654, 4285 

Rint 0.041 

(sin θ/λ)max (Å−1) 0.637 

R[F2 > 2σ(F2)], wR(F2), S 0.042, 0.104, 1.05 

No. of rePections 4654 

No. of parameters 259 

H-atom treatment H-atom parameters constrained 

Δρmax, Δρmin (e Å−3) 0.21, −0.20 

 

The geometrical parameters of both Boc substituents are consistent with carbamate groups. 
Each Boc group exhibits a short carbonyl bond (C=O: 1.2080(14)-1.2098(15) Å), a longer ester C-
O bond (1.4809(16)-1.4812(15) Å), and shortened amide N-C bonds (1.3818(15)-1.3838(16) Å), 
consistent with the expected amide conjugation. The remaining N-C bonds lie within the normal 
range for single bonds (1.4300(15)-1.4360(13) Å). 

Both Boc substituents adopt a cis arrangement with respect to the dihydrophenazine, placing the 
carbonyl groups on the same side of the molecule. The aromatic rings are individually nearly 
planar but folded relative to one another by 136.6°, giving the molecule its characteristic bent 
geometry. As a result, the crystal packing is dominated by discrete π···π interactions (24.0°), edge-
to-face C-H···π contacts (60.0°), and weak C-H···O interactions.  

4. Results and Discussion  

4.1 Hirshfeld Surface and Intermolecular Interaction Analysis 

Mapping the Hirshfeld surface[24] over d-norm highlights regions of close intermolecular contact 
(Fig. 3). 

 

Fig. 3 Hirshfeld surface mapped over d-norm. Red regions correspond to short C-H···O contacts involving 
the Boc carbonyl oxygen atoms. 



The Hirshfeld surface shows distinct red d-norm regions at the carbonyl oxygens, identifying the 
C-H···O contacts as the shortest interactions in the structure, blue regions correspond to longer, 
weaker van der Waals contacts.  

 

Fig. 4 Two-dimensional ?ngerprint plots of the title compound, showing the contributions of H···H (65.7%), 
C···H (19.7%), O···H (11.5%), and N···H (1.3%) contacts to the Hirshfeld surface.  

Although O···H contacts account for only 11.5 % of the surface (Fig. 4), they produce the 
characteristic sharp spikes at low di and de values and represent the closest contacts in the 
crystal. H···H contacts dominate statistically owing to the high hydrogen content of the molecule; 
C···H contacts mainly rePect weak C-H···π interactions and eIicient packing. The negligible N···H 
contribution is consistent with complete Boc protection of both nitrogen atoms. 

4.2 Crystal Packing  

The crystal packing is dominated by C-H···O interactions of the Boc carbonyl groups together with 
π-stacking contacts, comprising both π···π and C-H···π motifs (Fig. 5).  

Fig. 5 Representative intermolecular contacts between neighboring molecules illustrating the π···π stacking 
and C-H···π motifs for molecules 1 and 2. Green dashed lines highlight the C-H···O hydrogen-bonding 
contacts that de?ne the intermolecular bridging pattern. Pink lines indicate interactions with additional 
neighboring molecules not shown in the ?gure and are included for visual guidance only. 

4.2.1 Geometric Characterization of C-H···π/π···π Contacts 

1 2 



Fig. 6 Crystal structure highlighting molecule pairs within the unit cell, where all atoms share the same color 
and only the molecules are diGerently shaded to emphasize the pairwise arrangement essential for the 
overall packing.  

The folded geometry of the Boc-substituted dihydrophenazine framework brings neighboring 

aromatic systems into close proximity, giving rise to two characteristic interaction motifs (Fig. 6). 

OIset π···π stacking occurs between parallel benzo-rings of adjacent molecules, whereas C-

H···π interactions involve an edge-to-face approach of an aromatic C-H group towards the π-

system of a neighboring molecule. Rather than forming in;nite columns, both motifs generate 

discrete molecular pairs that constitute the fundamental packing units of the crystal. 

For the π···π-stacked pair, the crystallographic centroid distance of 3.934 Å is accurately 

reproduced by the periodic DFT structure (Section 4.3). The computed slip angle (26.8°) is slightly 

larger than the experimental value (24.0°), rePecting the geometric coupling of slip and 

perpendicular separation at ;xed centroid distance. The resulting perpendicular distance of 3.513 

Å con;rms a parallel-displaced rather than an eclipsed stacking arrangement. Re-extracting the 

pair from the fully relaxed DFT-D3(BJ) structure gives a centroid distance of 3.876 Å and a slip 

angle of 23.6°, marginally closer to experiment.  

 



Fig. 7 Overview of the four symmetry-independent molecular pairs (1-4) identi;ed by the nearest-neighbor 
search and analyzed by SAPT0 (Section 4.3.3) corresponding to (1) the Boc C-H···O + C-H···π-pair, (2) the 
π···π-stacked pair, (3) the second Boc C-H···O pair, and (4) the tert-butyl···tert-butyl van der Waals pair. 

In addition to the aromatic interactions, the Boc carbonyl oxygen atoms participate in several 
short C-H···O contacts linking neighboring molecular pairs (Fig. 7). Although weaker than 
classical hydrogen bonds, these contacts reinforce the aromatic interaction network.  

4.3 Periodic DFT and Energy Decomposition Analysis 

4.3.1 Method validation vs X23 Benchmark 

The computational protocol was validated by computing the lattice energy of four molecular 
crystals from the revised X23 benchmark set[25], selected as structural relatives of the title 
compound: pyrazine and s-triazine (N-heterocyclic aromatics without N-H), naphthalene 
(carbocyclic parent), and imidazole (hydrogen-bonded, as contrast) (Table 2).  

Table 2 Validation vs X23-Benchmark. All values are given in kJ mol-1. 

Compound PBE-D3(BJ) PBE-D4(BJ) X23 Reference D3 Deviation 

Pyrazine 62.45 61.95 64.3[25] -2.9% 
Naphthalene 73.94 78.97 81.3[25] -9.1% 

Imidazole 89.73 97.64 90.4[25] -0.7% 
s-Triazine 57.71 58.49 62.6[25] -7.8% 

The two purely aromatic, non-hydrogen-bonded systems (naphthalene, s-triazine) show the 
largest deviations (-7.8 to -9.1%), while pyrazine and imidazole agree within 3%. These deviations 
are within the range reported for PBE-D3(BJ) across the full X23 set[25]. CutoI convergence can be 
ruled out as the source of the naphthalene discrepancy, since increasing the cutoI from 80 to 640 
Ry changes the result by less than 0.1 kJ mol-1. The remaining deviation is therefore attributed to 
methodological diIerences between the present plane-wave/pseudopotential implementation 
and the PAW-based reference calculations. D3(BJ)/D4(BJ) diIer by at most 7.9 kJ mol-1, 
(imidazole). For pyrazine, rVV10 yields 76.1 kJ mol-1, 21.8% above  D3(BJ) and 18.3% above the X23 
reference (64.3 kJ mol-1). 

4.3.2 Lattice Energy and Term Analysis of Target Compound  

For N,N′-bis(tert-butoxycarbonyl)-5,10-dihydrophenazine, the PBE-D3(BJ) electronic lattice 
energy, Elatt = Emolecule - Ecrystal/Z, was found to be 130.66 kJ mol-1 at the ;nal optimized geometry 
(Section 2.2). The D3(BJ) correction amounts to 134.6 kJ mol⁻¹, slightly more than the lattice 
energy itself, i.e. the underlying PBE energy is net repulsive by 3.9 kJ mol⁻¹. Because D3 is an 
empirical correction rather than the dispersion energy itself, the individual contributions are 
resolved by the pairwise SAPT0 analysis (Section 4.3.3). A DFT-D4(BJ) single-point check on the 
D3-optimized geometry yields 132.22 kJ mol-1, 1.56 kJ mol-1 (1.2%) higher than the D3(BJ) value. 

An independent geometry optimization using the non-local rVV10 functional, yields a 
substantially higher lattice energy of 180.9 kJ mol-1 - 50.2 kJ mol-1 (38.5%) above the D3(BJ) value. 
This agrees with the documented overestimation of molecular crystals by GGA-based rVV10[26], 
whereas SCAN-rVV10 aIords substantially improved accuracy for this class of system[27]. D3(BJ) 
is therefore adopted as the primary reference lattice energy throughout this work. 



The absence of classical hydrogen-bond donors is consistent with a dispersion dominated 
crystal. For comparison, independent experimental enthalpies of sublimation (ΔHsub) of the 
parent, unsubstituted phenazine scaIold cluster around 90-100 kJ mol-1 [28–30], ΔHsub diIers from 
the 0 K lattice energy by only a few kJ mol-1 (typically ΔHsub ≈ Elatt - 2RT at 298 K for small, rigid 
molecules),  The two Boc groups add only about 30-40 kJ mol-1, which is modest for two bulky 
substituents and consistent with ineIicient packing of the bulky ter-butyl termini[31]. 

The isolated molecule has a very small dipole moment (0.19 D), rePecting near-cancellation of 
the cis-oriented Boc C=O dipoles.  

Table 3 SAPT0/jun-cc-pVDZ energy decomposition of the four symmetry-independent, well-localized 
nearest-neighbor molecule pairs in the crystal (PBE-D3(BJ) geometry). All energies in kJ mol-1; Elst. = 
electrostatics, Exch. = exchange-repulsion, Ind. = induction. Shortest contact values are given in Å. 

Distances refer to the shortest C-H···O atom pair (pairs 1 and 3), the ring centroid distance (pair 
2) and the range of shortest H···H contacts (pair 4) 

4.3.3 Pairwise Interaction Energies and SAPT Decomposition  

An automated symmetry-based nearest-neighbor search (10 Å centroid cutoI) was performed, 
yielding ;ve symmetry-independent molecular pairs. Four of these are discussed below (Table 3); 
the ;fth, a weak and diIuse ring edge contact, is omitted. For each of the four retained 
pairsSAPT0/jun-cc-pVDZ provided a decomposition into electrostatic, exchange, induction, and 
dispersion contributions. 

For all four dimers, dispersion is the dominant attractive contribution, con;rming the periodic 
lattice-energy analysis. Electrostatic stabilization is substantial for pairs 1 and 2 (-30.0 and -23.7 
kJ mol-1), smaller for pair 3, and essentially absent for the purely aliphatic tert-butyl contact (pair 
4). MBIS charges place -0.59 e on the carbonyl oxygens, +0.11 e on each Boc group and -0.22 e  
on the dihydrophenazine core (gas-phase values diIer by ≤0.01 e), so the carbonyl oxygens are 
the natural acceptors of the C-H···O contacts. SAPT shows that the strongest interaction is not 
the visually dominant π···π dimer but the Boc-mediated C-H···O + C-H···π. 

Because pairs 1 and 2 each combine several simultaneous contact types, isolating the intrinsic 
strength of π···π stacking versus C-H···π interactions requires reduced model systems. Two 
models were built by H-capping the relevant ring fragments at their experimental geometry: Model 
A (both full aromatic ring cores of the π···π-stacked pair, Boc groups replaced by N-H caps) and 

Pair Dominant 
Motif 

Shortest 
contact  

Elst. Exch. Ind. Dispersion total 

1 Boc C-H···O +   
C-H···π 

2.51 -30.0 +49.2 -6.9 -64.6 -52.3 

2 π···π stacking 
(oIset) 

3.93 -23.7 +48.7 -5.1 -68.5 -48.6 

3 Boc C-H···O 2.41 -17.1 +18.1 -5.1 -21.7 -25.8 

4 tert-butyl··· 
(vdW) 

2.56-2.62 +0.1 +7.9 -2.3 -18.9 -13.2 



Model B (the single Boc-substituted benzo-ring bearing the C-H···π donor, paired with the isolated 
acceptor ring, both capped at their ring-fusion bonds). At the SAPT2+3/aug-cc-pVDZ level, 
because the crystallographic inversion center generates two symmetry-equivalent C-H···π 
contacts Panking the central π···π-stacked ring pair (Fig. 5), the -36.9 kJ mol-1 interaction energy of 
Model A can be approximately partitioned, assuming additivity of the three contact points, into 
two C-H···π contributions of -9.9 kJ mol-1 each (Model B) and a remaining, purely central π···π 
contribution of approximately -17.1 kJ mol-1. The same partition of the dispersion terms gives -
29.0 kJ mol-1 (central stack) and -34.8 kJ mol-1 (both C-H···π contacts). 

This contrasts with the benzene dimer, where parallel-displaced and T-shaped arrangements are 
nearly isoenergetic[32]. The larger diIerence observed here is consistent with the well-established 
increase in π-stacking strength with increasing aromatic surface area, previously demonstrated 
for larger polycyclic aromatic hydrocarbons[33–35]; the present results extend this trend to the 
electronically perturbed dihydrophenazine framework studied here. 

An extended nearest-neighbor search (15 Å centroid cutoI) identi;es several additional, weaker 
contacts beyond the four principal pairs, including further tert-butyl···tert-butyl and tert-
butyl···ring-edge H···H interactions. A few strong pair interactions thus de;ne the primary packing 
motif, while many weak, less speci;c van der Waals contacts of the tert-butyl termini ;ll the 
remaining space and make up most of the contact surface but only a minor part of the lattice 
energy.  

4.4 Electronic Structure and Excited States 

The HOMO is ring-centered, whereas the LUMO is localized on the Boc carbonyls (Online 
Resource 1); their poor spatial overlap explains the weak HOMO->LUMO transition (State 1, f = 
0.021). LUMO+1 and LUMO+3 are ring-centered π*-orbitals (LUMO+1 with a small carbonyl 
oxygen share) that overlap well with the HOMO. The strongest transition (State 4, ΔE = 4.85 eV, f = 
0.164: Table 4) is dominated by HOMO->LUMO+1 (65%) and is best described as a local ring π-
>π* excitation with a small charge shift away from the carbonyl oxygens, not as charge transfer or 
mixed π/n. 

Table 4 Vertical singlet excitation energies (ΔE), oscillator strengths (f), and dominant orbital contributions 
from TDA-TD-DFT (B3LYP/def2-TZVP) calculations on the isolated molecule. Orbital 102 corresponds to the 
HOMO. ΔE values are given in eV. 

State ΔE (eV) f Dominant contribution(s) 

1 4.458 0.021 HOMO → LUMO (90%) 

2 4.755 0.0004 HOMO → LUMO+3 (95%) 

3 4.785 0.061 HOMO → LUMO+3 (62%), HOMO → LUMO+1 (24%) 

4 4.846 0.164 HOMO → LUMO+1 (65%), HOMO → LUMO+3 (23%) 

5 5.360 0.033 HOMO-3 → LUMO (56%), HOMO-1 → LUMO+2 (28%) 

6 5.418 0.051 HOMO-1 → LUMO+1 (63%), HOMO-3 → LUMO+3 (13%) 



5. Conclusion  

N,N′-Bis(tert-butoxycarbonyl)-5,10-dihydrophenazine represents the ;rst crystallographically 
characterized N,N′-bis(Boc)-protected 5,10-dihydrophenazine. The cis-oriented  Boc-substituted 
molecule has a bent geometry, which prevents the extended π-stacking motifs commonly 
observed for planar phenazine derivatives while simultaneously introducing carbonyl acceptor 
sites that participate in weak C-H···O interactions. Periodic DFT gives an estimation for the lattice 
energy at 130.7 kJ mol-1, dominated by dispersive interactions with the SAPT decomposition of the 
four symmetry-independent nearest-neighbor pairs con;rming the assessment at the pairwise 
level. While the π···π-stacked dimer represents the most conspicuous structural motif, the 
strongest pairwise interaction is generated by the cooperative action of a Boc-mediated C-H···O 
contact and a secondary C-H···π interaction. The boat-shaped conformation is intrinsic to the 
molecule ,and the carbonyl oxygens carry the largest negative charge (−0.59 e), which rationalizes 
the C-H···O contacts. The structure and its energetic analysis provide a reference for derivatives 
accessible from this precursor. 

Thereby it is demonstrated that the periodic DFT and SAPT calculations are potentially capable to 
predict the formation of supramolecular dimers in the Boc-substituted dihydrophenazines, which 
is foreseen to be a frequent motif for weakly interacting N-substituents, and interesting in the 
context of engineering materials with ;ne-tuned physico-optical properties based on property-
rich phenazines, particularly in their radical form.  
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